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Abstract 
To investigate the optical performance of horizontal single-axis tracked solar panels, a mathematical procedure to 
estimate daily collectible radiation on fixed, 2-axis and horizontal single-axis tracked solar panels was developed 
based the solar geometry and monthly horizontal radiation. Results showed that the annual solar gain on a horizontal 
single-axis tracked solar panel was related to the orientation of the horizontal tracking axis, tracking the sun about the 
east-west axis was worst to boost the energy collection of tracked panels, and tracking the sun about the south-north 
axis was best. Results also indicated that the ratio on south-north single-axis tracked solar panels to that with full 2-
axis sun-tracking decreased with the increase in site latitude, implying that the horizontal south-north axis sun-
tracking was suitable to be employed in the region with lower geographical latitude. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
To maximize energy collection, solar panels, such as solar collectors and photovoltaic modules, are 
usually oriented towards the equator with an optimal tilt-angle from the horizon which depends on 
climatic conditions and site latitude [1-2]. However, tracking the sun is required to further increase the 
solar gain of solar panels.  
Theoretical analysis by Rabl indicated that the annual collectible radiation on a solar panel tracking the 
sun about the polar axis was above 96% of that on a panel with full 2-axis sun-tracking according to the 
extraterrestrial radiation [3]. Kacira et al. experimentally investigated the effect of dual-axis sun-tracking 
on the energy gain as compared with a fixed PV panel in Sanliurfa, Turkey, and found that the gross gain 
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was 29.3% in radiation and 34.6% in power for a particular day in July [4]. A study performed by Morcos 
showed that changing collectors’ azimuth and tilt angles daily to their optimum values in Egypt resulted in 
an increase of 29.2% in total solar radiation compared with a fixed collector with the tilt-angle equal to its 
geographic latitude [5]. Experimental investigations performed by Al-Mohamad indicated that the daily 
output power of a vertical axis tracked PV module was above 20% higher at least than that of a fixed 
module [6]. A theoretical study by Li et al. showed that the annual collectible radiation on an inclined 
south-north tracked solar panel with the tracking axis being yearly adjusted four times at three fixed 
positions was about 99% of that dual axis annually collected [7]. Another study by Li et al. showed that 
solar panels tracking the sun about the vertical axis annually collected about 96% of that full 2-axis 
tracking solar panels annually collected [8]. 
All these studies showed that sun-tracking has proven to be an effective way to increase the gain of 
solar panels. As compared with a traditional fixed panel, the extra benefits from tracking the sun were 
about 20-40% in the collectible radiation or output power. Dual-axis tracked panels performed best in 
term of the solar gain, but a complicated tracking system was required. Thus, single-axis tracking systems 
were technically and economically more attractive in practical applications of non-concentrating solar 
devices. The objective of this work is to investigate the optical performance of solar panels tracking the 
sun about a horizontal axis with any orientation as compared with full two-axis tracked and fixed panels 
based on monthly horizontal radiation data. 
2. Marhemtaical procedure to estimate daily collectibe radiation on solar panels  
2.1 Daily solar gain on fixed south-facing solar panels 
Daily collectible radiation on fixed south-facing solar panels with a tilt-angle, 0β , from the horizon 
can be calculated by summing the contribution of the beam radiation, the component of sky diffuse 
radiation, and the radiation reflected from the ground as follows: 
∫− −++= xx
t
t hddbday
HRHdtIH 2/)cos1(cos 000, βρθ            (1) 
where Ib is the instantaneous beam radiation intensity on a surface normal to radiation, ρ is the albedo of 
the ground, Hd and Hh are the daily sky diffuse and global radiation on the horizon, respectively; Rd
stands for the ratio of the daily sky diffuse radiation on a tilted surface to that on a horizontal surface. For 
the isotropic sky diffuse radiation, Rd=(1+ cos 0β )/2, but the actual distribution of sky diffuse radiation is 
not isotropic and following expression is employed in this work [9]: 
Rd=(2+ cos 0β )/3                                                         (2) 
The incidence angle of solar rays on a south-facing tilted surface, 0θ , is determined by: 
cos 0θ =cos zθ cos 0β +(cosδ cosω sinλ -sinδ cosλ )sin 0β  (3) 
and the incidence angle of solar rays on the horizon, zθ , is determined by: 
λδωλδθ sinsincoscoscoscos +=z                 (4) 
where ω  and λ  are the solar hour angle and site latitude, respectively, δ is the declination of the sun 
and determined by[3]: 
]25.365/)10(360cos[45.23sinsin +−= nδ                (5) 
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where n is the day number counted from the first day of January. xt  in Eq.1 is determined by: 
πωτ 2/xdayxt =                                                              (6) 
and xω  is taken to be smaller one of 0ω  and cω , namely: 
),( 0 cx Min ωωω =                                                        (7a) 
   cos 0ω = - tanδ tanλ                                                      (7b) 
   cos cω = - tanδ tan(λ - 0β )                                           (7c) 
where dayτ is the day length in seconds (24× 3600s), 0ω  and cω  are the sunset hour angle on the 
horizon and apparent sunset hour angle on the south-facing tilted surface, respectively. 
2.2 Daily solar gain on full 2-axis tracked solar panels 
Daily collectible radiation on full two-axis tracked panels can be calculated by: 
∫− ++= 00 2([2,
t
t dbday
IIH cos 2β )/3+ hIρ (1-cos 2β )/2] dt  (8) 
where Id and Ih are instantaneous sky diffuse and globe radiation on a horizontal surface, respectively, and 
2β  is the tilt-angle of full two-axis tracked panels from the horizon and equal to the zenith angle of the 
sun, zθ , in this case.  
2.3 Daily solar gain on horizontal axis tracked panels 
Daily collectible radiation on horizontal single-axis tracked panels can be calculated by: 
∫− ++= 00 2(cos[,
t
t dhabhaday
IIH θ cos haβ )/3+ 
hIρ (1-cos haβ )/2] dt                                         (9) 
Assuming that the horizontal sun-tracking axis (HA, in short) is oriented,φ , from the east-west direction 
(see Fig.1). To make it easier to calculate the incidence angle of solar rays on the HA-tracked panels, haθ ,
and tilt-angle of the tracked panels, haβ , a coordinate system was suggested with X-axis normal to the 
horizon, Y-axis parallel to the tracking axis and pointing to southeast direction, and Z-axis pointing to the 
northeast direction, as seen in Fig.1. In this coordinate system, the unit vector from the earth to the sun can 
be expressed as follows based solar geometry and coordinate transformation technique: 
ns=(nx, ny, nz)                                                             (10) 
where 
λδλωδ sinsincoscoscos +=xn                        (11a) 
δcos−=yn sinω cosφ +(cosδ cosω sinλ
-sinδ cosλ )sinφ                                                 (11b) 
δcos−=zn  sinω sinφ +(sinδ cosλ -
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cosδ cosω sinλ )cosφ                                    (11c) 
To keep the solar panel track the Sun all the time, one requires that the normal of the panel, nc, points 
in the same direction as the projection of solar vector, ns, onto the plane normal to tracking axis (i.e. XOZ 
plane), thus, unit vector of the normal of the tracked panel, nc, can be written as: 
nc=(nx, 0, nz)/
22
zx nn +                                                (12) 
Thus, the incidence angle, haθ , can be obtained from the dot product of nc and ns:
haθcos = ns• nc= 22 zx nn +                                          (13) 
In the suggested coordinate system, the unit vector of the normal of the horizon, nh, can be expressed by: 
nh=(1, 0, 0)                                                                     (14) 
Therefore, the tilt-angle of the HA-tracked panel relative to the horizon, haβ , is obtained from the dot 
product of nc and nh:
haβcos = nc• nh= 22/ zxx nnn +                                  (15) 
 For east-west single-axis tracked solar panels (EW-axis sun-tracking), the φ  is equal to zero, and for 
south-north sun-tracking (SN-axis), φ =90.
Fig.1: Geometry of horizontal single-axis tracked solar panels 
2.4 Time variations of solar radiation 
Knowing time variations of Ib, Id and Ih in a day, the daily collectible radiation on fixed, full 2-axis and 
HA-tracked panels could be calculated by numerical integration over the day, then annual solar gain can 
be simply obtained by summing daily collectible radiation in all days of a year. A reasonable estimation 
of daily collectible radiation on a fixed or tracked surface should be done based on the monthly global 
and diffuse radiation on the horizon obtained from the observations over many years. However, the 
monthly diffuse radiation is not always available in many places, and the most widely used and available 
data in solar calculations is the monthly horizontal radiation.  
Given monthly horizontal radiation for a month, the monthly average daily horizontal radiation, Hh,
can be simply calculated by dividing the monthly value by days of the month, and the monthly average 
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daily diffuse radiation, Hd, can be estimated by the correlation suggested by Collares-Pereira and Rabl [3] 
as follows: 
)]9.0(2cos[)]2/(261.0505.0[
)2/(347.0755.0/
0
0
−−+−
−+=
m
hd
K
HH
πω
πω                   (16) 
where Km=Hh/H0, is the monthly average atmospheric clearness index for the month, H0 is the monthly 
average daily solar radiation on an extraterrestrial horizontal surface and calculated by the following 
expression:  
H0= dayτ I0cosλ cosδ (sin 0ω - 0ω cos 0ω )/π                 (17) 
where dayτ is the day length in seconds. To calculate monthly average daily radiation H0 and clearness 
index Km as well monthly average value of Rb, the middle day of a given month is taken as the 
representative day of the month. On obtaining Hd, the instantaneous sky diffuse radiation, Id, and 
horizontal total radiation, Ih, can be estimated by means of following correlations: 
ddd HrI =                                                                 (18a) 
hhh HrI =                                                                 (18b) 
zdhb III θcos/)( −=                                                   (18c) 
dh rbar )cos( ω+=                                                (19a) 
)cos(sin
)cos(cos
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−
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dr                                     (19b)  
)3/sin(5016.0409.0 0 πω −+=a                            (20a) 
)3/sin(4767.06609.0 0 πω −−=b                           (20b) 
3. Methodology  
In a specific site, the annual collectible radiation on a full 2-axis tracked panel is largest as compared 
to fixed or single-axis tracked panels, and is a constant statistically over many years, but the annual solar 
gain on a traditional fixed south-facing panel, S0, is a function of its tilt-angle, and an optimal tilt-
angle, opt,0β , could be obtained by repeatedly calculating S0 for different tilt-angles until a maximum 
annual collectible radiation, S0,max, is found. For HA-tracked solar panels, the annual solar gain, Sha, is a 
function of the orientation angle, φ , of the sun-tracking axis.  
In the consequent calculations, the time step, dt, for the numerical calculation of daily solar gain is 
taken to be 60 seconds, the steps of 0β for finding their optimal values were set at 0.1o, the albedo of the 
ground was taken to be 0.22, and monthly horizontal radiation data used in this work was obtained by 
averaging monthly measurements from 1971 to 1999 in 34 sites of China [10]. 
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To evaluate the optical performance of HA-tracked solar panels as compared with fixed and full two-
axis tracked solar panels, Rha-0 and Rha-2, ratios of the annual solar gain on HA-tracked solar panels to that 
on fixed and full two-axis tracked solar panels, respectively, were introduced. 
4. Results and discussions 
4.1 Effect of φ on the optical performance of HA-tracked solar panels 
Figs.2 presents the effects of orientation of horizontal tracking axis on the optical performance of 
tracked solar panels in terms of Rha-2. It is seen that, with the increase in φ , the annual solar gain on HA-
tracked solar panels increased, indicating that the east-west sun-tracking (EW-axis sun-tracking) 
performed worst to boost the energy collection of solar panels and south-north sun-tracking (SN-axis sun-
tracking performed best. It is also found that the increase of 2−haR with the φ  became slow as φ  was 
close to 90o, showing that 10o deviation of SN-axis from the south-north direction resulted in an 
insignificant reduction of annual solar gain on SN-axis tracked solar panels.  
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Fig.2: Effects of orientation of tracking axis on Rha-2
4.2 Optical performance of EW- and SN-tracked panels 
The optical performance of EW- and SN-tracked panels is presented in Table 1. As compared with 
fixed south-facing panels inclined at a yearly optimal tilt-angle, the increase in annual solar gain on EW- 
and SN-tracked solar panels (see the columns of REW-0 and RSN-0) was strongly dependent on climatic 
conditions in sites, for EW-tracked solar panels, the increase was less than 8%, whereas for SN-tracked
panels, such increase was in between 10-24%. This indicated that EW-axis sun-tracking was not efficient 
to boost energy collection of solar panels but SN-axis sun- tracking was efficient. Table 1 also showed 
that the ratio, 2−EWR , of annual collectible radiation on EW-tracked solar panels to that full two-axis 
tracked solar panels appeared independent on the site latitude, but for SN-tracked solar panels, the ratio, 
RSN-2, strongly depended on site latitude. 
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Table 1: Optical performance of EW- and SN- axis tracked solar panels 
Locations λ opt,0β REW-0 REW-2 RSN-0 RSN-2 
Beijing 39.95 39 1.0681 0.8247 1.1354 0.8767
Harbin 45.75 44.3 1.0717 0.8234 1.1065 0.8502
Changchun 43.87 43 1.0699 0.8230 1.1144 0.8572
Shenyang 41.6 40 1.0652 0.8267 1.1257 0.8736
Urumqi 43.78 40.2 1.0771 0.8062 1.1607 0.8688
Xining 36.58 37.4 1.0702 0.8184 1.1544 0.8828
Lanzhou 36.02 34.9 1.0678 0.8245 1.1587 0.8947
Xi’an 34.25 30.1 1.0569 0.8513 1.1379 0.9166
Yinchuan 38.42 38.1 1.0736 0.8144 1.1579 0.8784
Hohhot 40.82 40.2 1.0737 0.8105 1.1513 0.8691
Taiyuan 37.92 37 1.0687 0.8247 1.1472 0.8852
Shijiazhuang 38.07 36.9 1.0669 0.8267 1.1441 0.8865
Tianjin 39.1 38.7 1.07 0.8222 1.1419 0.8775
Jinan 36.68 34.8 1.0667 0.8255 1.1572 0.8956
Zhengzhou 34.72 32.3 1.0622 0.8388 1.1485 0.907 
Hefei 31.88 28.7 1.0566 0.8456 1.1517 0.9217
Shanghai 31.2 28 1.0511 0.8564 1.1365 0.9261
Nanjing 32.07 29.3 1.0549 0.8499 1.1422 0.9203
Hangzhou 30.33 27.3 1.0499 0.8596 1.1345 0.9289
Nanchang 28.67 24.4 1.0469 0.8597 1.143 0.9387
Wuhan 30.63 25.8 1.0523 0.8524 1.151 0.9324
Changsha 28.25 22.1 1.0443 0.8661 1.1402 0.9457
Chengdu 30.67 23.3 1.0372 0.8907 1.1005 0.945 
Chongqing 29.5 19.4 1.0324 0.8847 1.1166 0.9569
Guiyang 26.57 19.2 1.0354 0.8784 1.1271 0.9562
Kunming 25.03 27.5 1.053 0.8373 1.1666 0.9276
Lhasa 29.72 32.6 1.0724 0.7974 1.2127 0.9017
Dingri 28.58 30.4 1.0784 0.7896 1.2402 0.9081
Fuzhou 26.08 21.8 1.0459 0.8633 1.146 0.9458
Guangzhou 23 21.7 1.0471 0.8632 1.1485 0.946 
Nanning 22.8 19.1 1.0445 0.8658 1.1497 0.953 
Taipei 25.03 19.3 1.0396 0.8736 1.1365 0.955 
Dongfang 19.83 16.9 1.0551 0.8393 1.1995 0.9541
Xisha 6.58 0 1.0412 0.8397 1.2077 0.9739
As seen from Fig.3, with the decrease in site latitude, the ratio RSN-2 linearly increased. This implied 
that the SN-axis sun-tracking technique was suitable to be employed in the region with lower site latitude. 
This is because that the optimal tilt-angle of SN-axis from the horizon for maximizing annual energy 
collection of tracked panels was close to the site latitude, as indicated by Li et al.[7]. By linearly data 
fitting technique, the following correlation was obtained: 
RSN-2=1.03714+0.00484λ                                             (21) 
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Fig.3: Effect of site latitude on RSN-2
5. Conclusions 
Results obtained in this work indicated that the annual collectible radiation on HA-tracked solar panels 
was related to the orientation of the tracking axis, the EW-axis sun-tracking was worst to boost the energy 
collection of tracked panels and the SN-axis sun-tracking was best. As compared with fixed south-facing 
panels inclined at a yearly optimal tilt-angle, the increase in annual solar gain on EW- and SN-tracked 
solar panels was strongly dependent on climatic conditions in sites, for EW-tracked solar panels, the 
increase was less than 8%, whereas for SN-tracked panels, the increase was in between 10-24%. This 
implied that the EW-axis sun-tracking technique was not efficient to improve the energy collection of 
solar panels. Results also showed that the ratio of annual collectible radiation on SN-tracked solar panels 
to that with full 2-axis sun-tracking linearly increased with the decrease in site latitude, implying that SN-
axis sun-tracking was suitable to be employed in the region with lower site latitude. 
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